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Abstract| In this paper, we investigate two di®erent rate
control strategies for a cellular multi-user OFDM system:
a per-tone rate control and a single rate communication
scheme. We propose e±cient feedback and scheduling al-
gorithms for both the schemes. We demonstrate via simula-
tions that an average throughput within 5% of the per-tone
rate control throughput is achievable with the single rate
scheme. Hence, single rate OFDM transmission is preferred
due to its near-optimal performance and less imposing feed-
back constraints.
Keywords| Diversity-multiplexing tradeo®, feedback,
OFDMA, rate control, scheduling
I. Introduction
Orthogonal Frequency Division Multiplexing (OFDM)
essentially divides the broadband channel into many nar-
rowband tones (or sub-channels) and transmits the data
from a particular user over the di®erent tones e±ciently.
The advantages of OFDM include: a high spectral e±-
ciency, resistance to multipath inter-symbol interference
and lower complexity of equalization than single carrier sys-
tems which makes it an attractive choice for the next gen-
eration wireless standards. In particular, OFDM has been
adopted as the modulation scheme for high speed wireless
data access systems like IEEE 802.11 a/g Wireless LAN
[1], HIPERLAN/2 and IEEE 802.16a ¯xed wireless broad-
band applications [2]. Time or frequency division multiple
access is used to serve multiple users when they occupy the
same media for communication.
Multi-user OFDM (also known as OFDMA), on the
other hand, exploits the fact that di®erent users experi-
ence di®erent degrees of channel fading at a particular in-
stant of time to e±ciently schedule the data tones to the
best user. Thus in general, when compared with OFDM,
OFDMA achieves a higher throughput for a given reliabil-
ity of data reception. The problem of scheduling the data
tones to the multiple users has been an area of active re-
search. An iterative algorithm has been proposed in [3] to
minimize the transmit power given a throughput and bit
error rate (BER) target for the di®erent users. It is shown
in [4] that allocating the tone to the user with the best
Carrier-to-Interference Ratio (CIR) and choosing transmit
power via a water¯lling criterion achieves the capacity for
a given power and BER constraint.
While [4] did not consider any fairness measure in their
work, recent works [5], [6], [7], [8] have studied the fair-
ness of resource allocation in great detail. Maximizing
the worst-user throughput, proportionate fairness and sub-
optimal metrics have been analyzed both theoretically and
numerically in these works. Since most of the proposals to-
wards the standardization e®orts of fourth generation ap-
plications envision the usage of a large number of data tones
with OFDMA, perfect channel feedback is unsustainable no
matter what criterion is used for tone allocation unless the
channel fades very slowly.
Motivated by this, we consider a single antenna downlink
cellular multi-user OFDM system that employs rate control
via adaptive modulation and coding (MCS) in this paper.
Two di®erent rate control strategies are evaluated: per-
tone and single rate across all the tones. In per-tone rate
control, the base station (BS) allocates the OFDM tone to
the user who has the best channel conditions for that tone
with the corresponding throughput-maximizing MCS (i.e.
OFDMA). The single rate scheme, on the other hand, se-
lects a single universal user and MCS for all the tones. It
is apparent that per-tone rate control maximizes the total
throughput. Note that while the single-rate scheme is sub-
optimal from a throughput perspective, it requires mini-
mum amount of uplink feedback compared with a per-tone
rate control scheme. This is because only one user and the
corresponding MCS information have to be transmitted for
all the OFDM tones.
We propose e±cient feedback and scheduling algorithms
for both schemes. The tone grouping algorithm proposed
in this paper for per-tone rate control is very similar to
the algorithm based on clustered-OFDM in [9]. The more
interesting aspect of this paper is the fact that the av-
erage throughput achieved with the proposed algorithms
for the single rate case is within 5% of the ideal per-tone
rate control throughput. This demonstrates that the sin-
gle rate scheme is near optimal despite its less imposing
feedback requirement. This paper is organized as follows.
Section II introduces the system setup while the algorithms
for scheduling and uplink feedback are proposed in Section
III. Section IV details the signalling requirement of these
algorithms and numerical results are provided in Section
V. Conclusions are drawn in Section VI.
II. System Setup and Problem Formulation
Figs. 1 and 2 describe respectively the uplink and the
downlink setup in a cellular OFDM system. Let the down-
link channel between the BS and user i be described by a
tapped delay-line model with fhi
ng representing the uncor-
related channel taps. Let N denote the number of OFDM
data tones and Hi
k the N-point discrete Fourier transform
of the sequence hi
n. Let Ncp, NSD and NST denote the
cyclic pre¯x length, the number of data sub-carriers, and
the number of useful sub-carriers, respectively. We assume
that each user can estimate his channel perfectly.
When per-tone rate control strategy is employed, the
user i has to communicate
¯ ¯Hi
k
¯ ¯2
to the BS for user schedul-
ing. E±cient uplink feedback algorithms which minimize
feedback overhead are necessary. Once the BS schedules
di®erent users to distinct tones, it has to convey this infor-Base
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Fig. 1. The uplink of a cellular OFDM system performing per-tone
rate control.
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Fig. 2. The downlink of a cellular OFDM system performing per-tone
rate control.
mation to the users via the control channels. Sending the
user information for each tone leads to prohibitive overhead
in systems with large number of tones and users. Thus e±-
cient sub-optimal scheduling schemes need to be designed.
For the single rate scheme, each user has to feedback a
channel quality indicator (CQI) to the BS for scheduling
and MCS selection. CQI feedback is required since MCS
selection for a user is performed at the BS instead of at the
handset. In general, CQI for single rate transmission is a
function of both the user and MCS. Hence, a brute-force
CQI feedback method has a per-user overhead of the order
of the size of the MCS set, which is ine±cient for systems
that have a large MCS set cardinality. In this paper, we
propose very e±cient feedback and scheduling algorithms
that meet these precise needs.
III. Feedback and Scheduling Algorithms
A. Per-Tone Rate Control - Feedback
The uplink feedback algorithm for per-tone rate control
exploits the fact that the inverse Fourier transform zi
n of ¯ ¯Hi
k
¯ ¯2
is
zi
n =
1
p
N
N¡1 X
j=0
hi
jh?i
(j+n)mod N: (1)
The coe±cients zi
n are conjugate symmetric due to the pos-
itivity of
¯
¯Hi
k
¯
¯2
.
Moreover the coe±cients zi
n are the sampled versions of
the correlation coe±cients of hi
n, and thus dependent on
the second order statistics of the channel rather than the
channel itself. Since the second order statistics of a chan-
nel change at a much slower rate than the channel, feeding
back zi
n instead of hi
n reduces the uplink feedback overhead
signi¯cantly. Applying the law of large numbers for uncor-
related random variables in (1) implies that zi
n decorrelates
fast as n increases. Fig 3 elucidates this trend.
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The uplink feedback algorithm is motivated by the above
decorrelation property of the expansion coe±cients. Each
user quantizes scaled versions of the D.C. coe±cient and
the ¯rst L ¡ 1 coe±cients of the Fourier expansion in (1)
and transmits them back to the BS. The choice of L is de-
termined by the average speed at which the channel coef-
¯cients decorrelate. We describe the quantization strategy
now. The integer part and the decimal part of
p
Nzi
0 are
quantized with Bi
int(0) bits and Bi
dec(0) bits respectively. If p
Nzi
0 has an integer part that is greater than 2B
i
int(0) ¡1,
then it is °oored and quantized to 2B
i
int(0) ¡ 1. For the
decimal part, the interval [0;1) is partitioned into 2B
i
dec(0)
contiguous equal length sub-intervals and the decimal part
is quantized to the middle-point of the sub-interval in which
it falls.
The scaled versions of the n-th frequency coe±cient
(
p
Nzi
n) use Bi
R(n) bits for the real part and Bi
I(n) bits
for the imaginary part quantization. The user and the BS
agree on the dynamic range of the quantization scheme
apriori, depending on the long-term channel statistics. Let
the quantization range for the real and the imaginary partsof the frequency coe±cients be denoted by Di
R(n) and
Di
I(n) respectively. We illustrate the quantization proce-
dure for the real part of the frequency component with
appropriate modi¯cations made for the imaginary parts.
The interval
£
¡Di
R(n);Di
R(n)
¤
is partitioned into 2B
i
R(n)
contiguous equal length sub-intervals. If
¯
¯
¯<
hp
Nzi
n
i¯
¯
¯ >
Di
R(n), then it is quantized to the middle-point of either of
the two boundary sub-intervals closest to
p
Nzi
n. Other-
wise it is quantized to the middle-point of the sub-interval
in which it falls. In this way the ¯rst L coe±cients of zi
n
are quantized and fed back to the BS which reconstructs an
estimate of
¯
¯Hi
k
¯
¯2
using the received coe±cients. Channel
statistics determine the value of L, the dynamic range for
each coe±cient, and number of bits used in quantization.
B. Per-Tone Rate Control - Scheduling
Given that the BS has an estimate of squared-amplitude
of the channel frequency response, it has to schedule a tone
to the user with the best channel conditions. The BS then
has to communicate via control channels, the scheduled
user information for each tone to the users so that the
relevant users can decode the information symbols intended
for them. The large overhead of scheduling information
transfer is reduced by partitioning the set of data tones
into contiguous blocks where only one user is scheduled per
block. This partitioning scheme is motivated by the fact
that
¯
¯Hi
k
¯
¯2
varies slowly across tones, i.e. if a particular user
is scheduled for a given tone, then it is very likely that the
same user is scheduled in a tone neighborhood containing
that tone. The tone grouping approach is the thread that
ties our work with that of [9].
The scheduling algorithm comprises of: using the
scheduling criterion to obtain an unconstrained scheduler,
retaining the B largest contiguous tone groups in the un-
constrained scheduler, and assigning the heretofore unas-
signed tones contiguously to one of the B nearest neighbor
tone groups. The criterion used in performing \user in-
terpolation" (the last step of the scheduler) is to choose
that neighbor that maximizes the sum of the CIRs in the
non-allocated tones. Fig. 4 illustrates our tone grouping
algorithm in detail.
The reduction in downlink scheduling overhead by just
user grouping alone may still be too small for e±cient com-
munication. This is so because the BS has to not only
communicate to the mobile the user information but also
the MCS used for each tone so that correct decoding of the
transmitted waveforms can take place. If the assignable
MCS set has a large cardinality, then the overhead of
scheduling increases proportionately. Further partitioning
of the OFDM tones within a ¯xed user tone group where
sub-groups with a ¯xed MCS are used can alleviate the
problem signi¯cantly. This sub-partitioning proceeds on
analogous lines to the tone grouping described above and
is illustrated in Fig. 5
C. Single Rate Communication - Feedback
C.1 Choice of CQI
The system-level simulation evaluation methodology
proposed in [10], [11], and [12] seeks to map the cur-
rent transmission channel conditions for each user within
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Fig. 4. The ¯rst sub-¯gure shows the users that are actually sched-
uled across the data tones. The heights of the blocks represent
the average CIR as seen by the particular user in these data tones.
These users could be scheduled using the maximum CIR criterion
(or any other scheduling criterion). The second sub-¯gure shows
the users that are scheduled with the tone grouping algorithm.
Here B = 4 largest contiguous blocks of users are chosen and
data tones that are not scheduled in this step are contiguously
scheduled to either of the two nearest neighbor users that have
been already scheduled.
a given transmission interval to a CQI (e®ective Signal-to-
Interference Ratio (SIR) value) that is then used with a set
of frame error rate (FER) curves generated for the AWGN
channel. Speci¯cally, the geometry G and instantaneous
channel frequency response H(f) are used in a mapping
function, SIRe®(G;H(f)) as shown in Fig. 6 to provide an
e®ective SIR that will yield equivalent FER performance in
an AWGN channel as would be obtained for the observed
conditions in the original channel model being evaluated.
The CQI to be fed back from the user to the BS has to
be such that it reproduces quite accurately the link level
performance of the cellular OFDM system with a multi-
tude of MCS and across a large set of channel realizations.
Towards this end, we study three di®erent e®ective SIR
mapping schemes: the average SNR metric [10], the ex-
ponential e®ective SIR metric [11], and the capacity-based
e®ective SIR metric [12]. We demonstrate using numerical
simulations that the capacity-based e®ective SIR metric is
quite accurate for our purpose.
Let h = fhng denote the random channel tap coe±-
cients used to model the channel between the base and a
given user. Also let Hk denote the frequency response of
the channel taps. The average SNR metric, SIRe®(h), is
de¯ned as follows [10]:
SIRe®(h) = ° ¢
1
N
N¡1 X
k=0
jHkj
2
Hk =
N¡1 X
n=0
hn exp
µ
¡j2¼kn
N
¶
(2)
where ° = N
N+Ncp ¢ NST
NSD. The exponential e®ective SIR,
SIR
exp
e® (h), is de¯ned as follows [11]:
SIR
exp
e® (h) = ¡¯ log
1
N
N¡1 X
k=0
exp
Ã
¡
jHkj
2
¯
!
(3)MCS 
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Fig. 5. We assume that B = 4 tone groups are formed via the tone
grouping algorithm. The ¯rst sub-¯gure shows the MCS schemes
that are actually allocated within the ¯rst tone group. Other
tone groups are not illustrated for simplicity. In the second sub-
¯gure C = 4 sub-groups are formed with the 4 largest contiguous
sub-groups as the backbone. The tones that are not assigned an
MCS in this step are assigned contiguously to either of the two
MCS associated with the neighbor tones.
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Fig. 6. Simulation methodology proposed for a multi-carrier system
to characterize system and link level performance on a uni¯ed
basis.
where optimization is done over the parameter ¯ to e®ect
the most e±cient reproduction of link level performance.
We note that as ¯ ! 1, the exponential e®ective SIR
metric converges to SIRe®(h). The exponential e®ective
SIR mapping can be seen as a type of weighted averaging
of the SNR across the OFDM tones.
The capacity-based e®ective SIR mapping function,
SIRcap(h), is de¯ned as [12]:
Re® =
1
NSD
NSD¡1 X
k=0
CMCS
Ã
jHkj
2
Q
!
SIRcap(h) = QC
¡1
MCS (Re®) (4)
where Q is the gap to capacity of the actual AWGN per-
formance and C®(½) is the capacity of a SISO channel em-
ploying ® as the MCS to transmit information at an SNR
of ½. The methodology to compute the capacity function
can be found in [13]. Optimization over Q for each MCS
is done so that the capacity-based SIR metric accurately
describes link level performance.
Link level studies show that the capacity-based SIR met-
ric is the closest in reproducing the AWGN FER curve
across all the modulation schemes considered. Moreover,
we note that for QPSK modulation scheme (over all rates
considered), within a 0:2 dB AWGN sidewall, more than
90% of all the validation points for the capacity-based SIR
metric occur whereas with 16-QAM this is true if we con-
sider a 0:5 dB AWGN sidewall. Fig. 7 illustrates this fact
and thus we will use this metric to study the system level
performance of our algorithms.
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C.2 Feedback Algorithm
The proposed feedback algorithm for single rate commu-
nication follows the following reasoning. We note that the
capacity functions of di®erent MCS (used in the capacity-
based e®ective SIR metric) show a logarithmic behavior at
low SNRs and saturation at high SNRs [13]. At low SNR
values, the argument to the capacity function is of O(1+x)
where x is small. Using the approximation log(1 + x) ¼ x,
we see that the e®ective SIR of an MCS is the sum of two
terms, one of which is independent of the MCS under con-
sideration (but dependent on the channel), and the other
dependent only on the repetition factor of the MCS. Thus
it is not di±cult to see that for low SNR values
SIR
MCS1
cap (h) ¡ SIR
MCS2
cap (h) ¼ 10log10
µ
RepMCS1
RepMCS2
¶
(5)
where RepMCSi and SIR
MCSi
cap (h) correspond, respectively,
to the repetition factor, and the CQI of the scheme MCSi.
Thus given the CQI of one MCS, the BS can easily recon-
struct the CQI with any other MCS using the relationship
in (5).
The feedback algorithm is as follows: Prior to commu-
nication, the user and the BS agree on an arrangement of
the di®erent MCS in an MCS table (increasing rate, in-
creasing repetition factor etc.). The user then feeds back
the scheme number and the e®ective SIR of that MCS thatminimizes the mean squared error in reconstruction of the
e®ective SIR table using (5). That is, the user feeds back
jmin, and SIR
MCSjmin
cap (h), where
jmin = argmin
j
P X
i=1
·
SIR
MCSi
cap (h) ¡ SIR
MCSj
cap (h) ¡
10log10(RepMCSi) + 10log10(RepMCSj)
¸2
(6)
and P is the total number of MCS schemes in the MCS
set. Even though (5) holds true only for low SNR values,
numerical simulations show that average throughput with a
feedback algorithm based on the above observation achieves
data rates very close to the per-tone rate control values.
IV. Signaling Requirement
For per-tone rate control strategy, we use the follow-
ing notation to characterize the signaling requirement of
our proposed scheduling algorithm: U is the number of
users, B is the number of tone groups, C is the number
of MCS sub-groups per tone group, and M is the cardi-
nality of the MCS set used for information transmission.
It can be shown that the average signaling requirement is
B
£
log2(U) + C
£
log2(M) + log2(ND
BC)
¤¤
. The above expres-
sion has contribution from three components: user infor-
mation per tone group, MCS information per MCS sub-
group, and beginning tone number of each MCS sub-group
to identify the schedule. The quantity ND
BC corresponds
to the average number of tones per MCS sub-group. The
uplink feedback scheme for per-tone rate control requires
Bi
dec(0)+Bi
int(0)+
PL¡1
n=1 Bi
R(n)+Bi
I(n) bits while the sin-
gle rate control requires enough bits to communicate jmin
and SIR
MCSjmin
cap (h) as in (6).
V. Simulations
We consider a system with N = 224, Ec=Ior = 0:7, U =
10 users, and a pedestrian B channel pro¯le. Fig. 8 shows
the average throughput as a function of Ior=Ioc (average
received SNR) using a single rate protocol as described in
the previous sections. The curves marked \PF" and \FA"
correspond to perfect feedback of CQI of all schemes in
the MCS set, and using the feedback algorithm described
in Section III. Also for reference is plotted the average
throughput with ideal per-tone rate control, and perfect
feedback of the average SNR metric (metric 1 in the ¯gure)
of Section III.
The plot shows that the average throughput of per-tone
rate control and the single rate scheme with perfect feed-
back are essentially the same. The hit in throughput due
to feedback is very low (less than 5 %) even at high Ior=Ioc
values. The plot also illustrates the e±cacy of the capacity-
based e®ective SIR mapping in reproducing the link level
performance when compared with the average SNR met-
ric. Thus the proposed single rate scheme achieves near-
optimal throughput with inexpensive feedback requirement
compared to the per-tone rate control scheme.
VI. Conclusion
In this paper, we have proposed e±cient feedback and
scheduling algorithms for both per-tone rate control and
single rate transmissions. The proposed single rate scheme,
while being feedback e±cient, achieves almost the same
throughput as a per-tone rate control scheme for a very
broad range of SNR values. This study would help lever-
aging engineering designs in the 3G and 4G system stan-
dardization process.
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